Vast diversity in the antibody repertoire is a key component of the adaptive immune response. This diversity is generated centrally through the assembly of variable, diversity and joining gene segments, and peripherally by somatic hypermutation and class-switch recombination. The peripheral diversification process is thought to only occur in response to antigenic stimulus, producing antigenselected memory B cells. Surprisingly, analyses of the variable, diversity and joining gene segments have revealed that the naïve and memory subsets are composed of similar proportions of these elements. Lacking, however, is a more detailed study, analyzing the repertoires of naïve and memory subsets at the level of the complete V(D)J recombinant. This report presents a thorough examination of V(D)J recombinants in the human peripheral blood repertoire, revealing surprisingly large repertoire differences between circulating B-cell subsets and providing genetic evidence for global control of repertoire diversity in naïve and memory circulating B-cell subsets.
INTRODUCTION
A diverse human antibody repertoire is a key element of the acquired immune response and is critical to the effective prevention and clearance of microbial infections. 1 Vast diversity in the antibody repertoire is generated initially through a process of combinatorial rearrangement in which variable (V), diversity (D) and joining (J) gene segments are assembled into a complete immunoglobulin sequence. 2, 3 This initial diversity is increased through the use of antigen-driven somatic hypermutation and class-switch recombination. [4] [5] [6] [7] These affinity maturation processes result in the creation of distinct memory populations that contain only antigen-experienced B cells. 8 Previous analysis of the antibody gene repertoire in peripheral blood B-cell subsets did not detect significant differences in germline V, D or J gene segment usage between the naïve and memory populations. 9 This finding was somewhat surprising, as it was expected that the memory subset might contain an altered germline gene repertoire that was biased by antigen selection. Although more narrowly focused work was previously able to identify differential J H gene use in memory subsets, 10 this study only analyzed the fraction of sequences that contain the V H 6 gene segment and not the total repertoire. A study using a larger sequence pool was able to identify differences in both J H gene and V H gene family use in naïve and memory subsets, with the memory population displaying an increase in J H 4 gene use, a corresponding decrease in J H 6 gene use and differential use of several V H gene families. 11 Recently, there have been several studies that leveraged high-throughput amplicon sequencing to perform in-depth analysis of human antibody repertoires. [11] [12] [13] [14] [15] These previous studies have been limited in scope, however, owing to analysis of the use of V, D or J genes in isolation. In the peripheral blood antibody repertoire, individual V, D and J genes are not expressed in isolation, but are linked by recombination. Thus, it is imperative to study gene segment usage not only by individual gene segment use, but also in the context of complete V(D)J pairings to gain a more complete understanding of the antibody repertoire. Here, we present a thorough examination of V(D)J recombinants in the human peripheral blood repertoire. The studies reveal stark repertoire differences between circulating B-cell subsets and provide genetic evidence for global control of repertoire diversity in both naïve and memory subsets.
RESULTS AND DISCUSSION
We separately isolated naïve, IgM memory and IgG memory B cells from four healthy individuals using flow cytometric sorting, extracted mRNA and performed RT-PCR to amplify antibody genes from those cells, and subjected the resulting amplicons to high-throughput DNA sequencing. The primers were selected for their ability to produce accurate, reproducible amplification of both naïve and mutated antibody repertoires, 12, 13 and the variable gene use of our repertoire closely matched repertoire analysis in which amplification was performed on single B cells. prominence of each V(D)J recombination within the repertoire of each cell subset (Figures 1a-c) . These plots revealed a large number of trends that were apparent only when analyzing the repertoire in the context of complete V(D)J recombinations. Here, we focus on three of the most prominent trends.
First, virtually all of the major V H -J H pairings (identified by colored ribbons in Figure 1 ) follow a similar pattern: increased use of V H -J H pairings that contained heavy chain joining gene 4 (J H 4) and decreased use of pairings that contained J H 5 or J H 6 in both memory subsets, as compared with naïve cells. Use of J H 4 has been shown previously to be increased in memory subsets, 11 but the consistency with which the broad spectrum of V H -J H pairings exhibited increased J H 4 use is surprising. Second, use of diversity gene family 3 (D3) was increased dramatically in recombinations that used heavy chain variable gene 3-30 (V H 3-30) and either J H 4 or J H 5 in both naïve and IgG memory subsets. In the IgM memory cell subset, however, diversity gene use in recombinations that used V H 3-30 and J H 4 or J H 5 was much lower than in the naïve or IgG memory subsets and was comparable to that of other genes in the V H 3 family. These data support emerging evidence that the IgM memory repertoire is genetically distinct from the IgG memory repertoire and that this difference is likely the result of different stimuli. 9, 11 Finally, the three Circos plots reveal the increased oligoclonality of both memory subsets compared with naïve. The colored ribbons in each plot represent V H -J H pairings that comprise at least 1% of the total subset repertoire. In the naïve subset, there are 66 different V H -J H pairings that each account for at least 1% of the total naïve repertoire. In the IgM memory subset, only 27 different V H -J H pairings exceed 1% of the total subset repertoire, and only 19 V H -J H pairings exceed 1% in the IgG memory subset. These data indicate that the memory subsets become increasingly oligoclonal, with a small selection of V H -J H pairings comprising a larger fraction of the total subset repertoire.
Further analysis of the variable gene use in each of the subsets revealed contrasts with recently published work on the antibody repertoire in human cord blood. 15 In the cord blood repertoire, V H 1-2 was found to be the most commonly used germline gene. In the naïve, IgM memory and IgG memory subsets, not only was V H 1-2 not the most commonly used variable gene, it was not even the most commonly used V H 1 family gene. Both V H 1-18 and V H 1-69 were more frequently used in the naïve and IgG memory populations and V H 1-18 was used more frequently in the IgM memory population. In all three peripheral blood subsets, either V H 3-23 (naïve and IgM memory) or V H 3-30 (IgG memory) was the most commonly used variable gene, which is consistent with previous data.
11 -14 Joining gene use was consistent between our sample and the previously published cord blood repertoire, however, with J H 4 being the most commonly used joining gene in all peripheral blood subsets and cord blood.
The oligoclonality of each subset was further analyzed by determining the contribution of the 50 most commonly used V(D)J recombinations to the total repertoire of each subset (Figure 1d ). In the IgG memory subset, which was most oligoclonal, the top 50 V(D)J recombinations accounted for 38.2% of the subset repertoire. Conversely, in the naïve and IgM memory subsets, which were significantly less oligoclonal than the IgG memory subset, the top 50 V(D)J recombinations accounted for only 19.6% (naïve, P ¼ 0.01) or 23.6% (IgM memory, P ¼ 0.02) of the total subset repertoire. Additionally, there was a trend toward reduced oligoclonality in the naïve subset compared with IgM memory that fell short of statistical significance (P ¼ 0.15).
We next performed a clustering analysis on the V(D)J recombinant repertoire for each donor and subset ( Figure 2 ). We found patterns that were robust to different clustering metrics and linkage types. Specifically, we performed hierarchical biclustering with the Euclidean and Pearson correlation metric in combination with single linkage, complete linkage and average linkage. In all scenarios, the samples clustered in the categories shown in Figure 2 . Prior to clustering, we used a variance filter to remove genes with very low variation across subjects. Interestingly, repertoires of the same subset from different donors (inter-donor subsets) were more closely related than different subset repertoires from the same donor (intra-donor subsets). In fact, phylogenetic clustering of the subset repertoires of all four donors revealed clustering exclusively among inter-donor subsets, with no observed intra-donor subset clustering. This finding was unexpected, as each donor has experienced a unique set and sequence of pathogen encounters, and each donor might be expected to generate unique memory repertoires appropriately skewed by prior histories of infection. Also of note, donor pairs were consistently clustered together, regardless of subset. Donors HD4 and HD5 clustered most closely in each of the three subsets, as did donors HD6 and HD7. In addition to the inter-clonal subset clustering, the tight groupings of highly over-represented V(D)J recombinations within each individual memory repertoire provide further evidence of the oligoclonality of the memory subsets. The unique V(D)J recombinations that comprise the tight groupings are not shared between like subsets of different donors and, surprisingly, similar groupings are not present in the naïve subset from the same donors. This finding indicates that although the frequency of germline gene family use may appear similar between naïve and memory populations when the V H , D or J H families are analyzed in isolation, deeper analysis of the V(D)J recombinant repertoires of these subsets uncovers stark repertoire differences.
The substantial differences in each subset repertoire at the individual V(D)J recombinant level, coupled with the overarching similarities of the repertoires at the germline gene family level, present something of a paradox. These data seem to suggest the presence of a broad, global mechanism for repertoire regulation at the germline gene family level. Although there is no direct evidence of such a mechanism, several recent studies indicate the presence of repertoire-based regulatory mechanisms in circulating B-cell subsets. Despite the tendency of pathogen-specific antibody responses to exhibit biased germline gene repertoires, [16] [17] [18] the frequency of gene family use in naïve and memory subsets is remarkably consistent across individuals. 9, 11 Further, alteration of this gene family homeostasis in the circulating B-cell repertoire is associated with disease states. [19] [20] [21] [22] In recent work, long-lived plasma cells were shown to contain significantly fewer autoreactive B cells than the circulating IgG memory subset, and this difference was attributed to differential repertoire regulation within the two subsets. 23 Thus, although no mechanism for regulation of circulating human antibody repertoires has been identified, mounting indirect evidence, including the data presented in this report, suggests the presence of such regulation.
In summary, this report presents a deep analysis of human antibody repertoire diversity at the V(D)J recombinant level. The data reveal a strong tendency for memory subsets to become substantially more oligoclonal than naïve subsets. The studies also show the near universality with which the memory subsets display greater use of J H 4, whereas reducing use of J H 5 and J H 6 across virtually all V H -J H pairings. Finally, we identified antibody repertoire similarities between inter-donor circulating B-cell subsets that outweigh the similarities between intra-donor subsets, suggesting the existence of a mechanism for broadbased repertoire control. enriched by paramagnetic separation using microbeads conjugated with antibodies to CD19 (Miltenyi Biotec, Cambridge, MA, USA). Cells from particular B-cell subsets were sorted as separate populations on a highspeed sorting cytometer (FACSAria III; Becton Dickinson, Franklin, Lakes, NJ, USA) using the following phenotypic markers, naïve B cells:
MATERIALS AND METHODS
Total RNA was isolated from each sorted cell subset using a commercial RNA extraction kit (RNeasy; Qiagen, Valencia, CA, USA) and stored at À 80 1C until analysis.
Complementary DNA synthesis and PCR amplication of antibody genes A total of 100 ng of each total RNA sample and 10 pmol of each RT-PCR primer (Supplementary Table S1 ) were used in duplicate 50 ml RT-PCR reactions using the OneStep RT-PCR system (Qiagen). Thermal cycling was performed in a BioRad (Hercules, CA, USA) DNA Engine PTC-0200 thermal cycler using the following protocol: 50 
Antibody sequence analysis
For germline gene assignments and initial analysis, the FASTA files resulting from 454 sequencing were submitted to the IMGT HighV-Quest webserver (IMGT, the international ImMunoGeneTics information system; http://www.imgt.org; founder and director: Marie-Paule LeFranc, Montpellier, France). Antibody sequences returned from IMGT were considered to be 'high-quality' sequences if they met the following requirements: sequence length of at least 300 nt; identified variable and joining genes; an intact, in-frame recombination; and absence of stop codons or ambiguous nucleotide calls within the reading frame.
Clustering of antibody repertoires
We perform agglomerative hierarchical clustering with complete linkage on both VDJ genes and individual donor subsets. First, we perform a filter that removes VDJ genes with low counts of low variation across all samples. Then we calculate pairwise distances between genes and samples using Pearson correlation. We standardize the values in the heat map to display in the range À 3 to þ 3. Dendrograms and heatmaps were created with Matlab R2010b.
Analysis of differential expression of V(D)J recombinants
We use the edgeR software 24 to calculate differential expression between tissues. EdgeR uses the negative binomial as the appropriate distribution for count data. We obtain dispersion estimates and test differential expression using the generalized linear model likelihood ratio test. The columns in the table show the fold change between tissues and the P-value and Benjamini and Hochberg false discovery rate.
Circos Plots
All Circos plots were made using Circos software (http://www.circos.ca/ software).
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